Objectives: Constitutive activation of the fms-like tyrosine kinase 3 (FLT3) receptor by internal tandem duplication (ITD) of the juxtamembrane region has been described in patients with acute myeloid leukemia. FLT3/ITDs are present in about 20-30% of all acute myeloid leukemia cases. It has been shown that the mutation is correlated with worse prognosis. However, none of the previous studies investigated which FAB subtype is associated with higher percentage of FLT3/ITD, thus the reason for undertaking the current study. Methods: The prevalence and the potential prognostic impact of FLT3 mutations in 39 acute myeloid leukemia patients were analyzed by genomic polymerase chain reaction. Twelve samples with FLT3/ITDs and 27 acute myeloid leukemia samples without the mutations were compared with respect to clinical prognosis and FAB subtype. Results were correlated with cytogenetic data and the clinical response. Results: FLT3/ITD mutations were found in 31% of patients. FLT3/ITD was associated with similar clinical characteristics and was more prevalent in patients with normal karyotype (83%). Interestingly, half of the FLT3/ITD aberrations were found in patients with FAB M1 (50%), and fewer were found in patients with FAB M2 (8%), M4 (8%), and M5 (8%). Although less frequent in patients with cytogenetic aberrations, FLT3/ITDs were found in 17% of patients with t(15;17). Although the study was powered to 80%, patients with FLT3/ITD mutation did not show shorter complete remission duration or a higher relapse rate. Conclusion: The data confirm that FLT3/ITD mutations represent a common alteration in adult acute myeloid leukemia, mainly with normal karyotype (83%) and de novo acute myeloid leukemia (75%), as compared to secondary acute myeloid leukemia (25%) (p<0.001). It also showed that half of the M1-FAB subtype is FLT3/ITD positive. Therefore, FLT3/ITD is a therapeutic target, and thus inhibition of FLT3 tyrosine kinase activity may provide a new approach in the treatment of leukemia carrying these mutations.
Introduction
The fms-like tyrosine kinase 3 (FLT3), also known as stem cell tyrosine kinase-1 (STK1) or fetal liver tyrosine kinase-2 (FLK-2), belongs to the group of class III receptor tyrosine kinases (RTKs), which also include the receptors c-kit and c-fms. 1 Signals generated by ligand-induced dimerization of these receptors involve tyrosine phosphorylation of certain regions of the receptor and activation of cellular tyrosine kinases. Whilst a large proportion of acute myeloid leukemia (AML) have been found to express class III RTKs, [2] [3] [4] [5] their potential role in leukemia is still unclear. In 1996, Nakao et al. 6 were the first to report a novel mutation in the FLT3 gene in a small number of AML patients. These mutations were shown to be internal tandem duplication (ITDs), mainly involving a tyrosine rich stretch at the end of exon 14 (587-NEYFYVDFREYEYD-560), coding for the juxtamembrane ( JM) domain of the receptor (Fig. 1 , overview of the FLT3 gene). In addition, some ITDs involving exon 15 have been published. 7 All ITDs were in frame and resulted in an elongated JM domain. Fig. 1 represents the 5 extracellular Ig-like domains (Ig1-5) in the ligand binding domain of the extracellular part of the receptor (ECD), the transmembrane domain (TM), the JM and the two intracellular tyrosine kinase domains (TK1 and TK2) separated by the kinase insert (KI). The positions of the two known types of mutations involved in AML, i.e., internal tandem duplications (ITDs) in the JM domain and point mutations in the KI, are indicated. Of each type of mutation, some examples are presented.
ITDs have been reported in the part of the FLT3 gene coding for the JM through first tyrosine kinase (TK-1) domains of the protein in 17-20% of Japanese AML patients, 8 and Western-European population, 9 as well as in patients with leukemic transformation of myelodysplasia. 10, 11 This type of mutation has not been found in acute lymphoblastic leukemia (ALL), chronic myelocytic leukemia (CML), blast crisis CML, or in normal individuals. Kiyoi et al. 10 have shown that in COS-cells, transduced with cDNA encoding for FLT3/ITDs, elongation of the JM domain and ligandindependent dimerization of the mutant receptor occurs, resulting in a constitutive activation. This effect was seen in both mutant/ mutant and in mutant/wildtype (WT) dimers of the receptor.
Kelly et al. 12 showed that the introduction of FLT3/ITDs into a murine bone marrow (BM) transplant model resulted in a myeloproliferative phenotype characterized by leukocytosis and splenomegaly with extramedullary hemopoiesis in spleen and liver. As these ITDs were insufficient to induce leukemia in this model, the data suggests that other co-operating mutations are necessary for the development of a leukemic phenotype. This study aims to determine the incidence of FLT3/ITD mutation in AML patients and assess its prognostic significance.
Methods
Genomic DNA from fresh bone marrow (BM) of 39 consecutive, unselected patients with AML was obtained at diagnosis at the Royal Adelaide Hospital, Adelaide, South Australia. The study design was approved by the Royal Adelaide Hospital Research Ethics Committee prior to its initiation. The diagnoses were based on morphologic findings, immunophenotyping and cytogenetics. 13 In addition, follow-up samples were obtained at 2 to 5 time points from 10 patients carrying the FLT3 mutation. Exons 14 to 15 of the FLT3 gene were amplified by genomic polymerase chain reaction (PCR). The FLT3/ITD amplification yielded a higher molecular weight product (higher band) on a 2% agarose gel stained with ethidium bromide (Fig. 2) , compared to the wildtype control (lower band). Of the 39 samples analyzed, 12 (31%) revealed FLT3/ITD. The size of the FLT3/ITD varied from approximately 21 base pairs (bp) to more than 150 bp and comprised different parts of the JM domain.
Of the 12 patients with FLT3/ITD, 10 (83%) had a normal karyotype, similar to other reports. 14 In most of the FLT3/ITD positive patients, the mutation was present as a heterozygous mutation, but in 1 case the ITD appeared as a single aberrant band on gel, indicating the presence of either a homozygous mutation or, more likely, a hemizygous deletion of the WT gene. The characteristics of the 12 AML patients with the mutation and 27 AML patients without such a mutation included in this study are shown in Table 2 . Sequence analysis from two patients of the FLT3 mutant samples (Table 3) , confirmed the presence of tandem duplication of different sizes (33bp and 78bp). . After purification of the target DNA, samples were electrophoresed and stained with ethidium bromide. The gel was then scanned on the Geldoc system. DNA concentration was determined by measuring the absorbency of a DNA preparation at 260 nm on a NanoDrop ND-1000 spectrophotometer. DNA was separated by electrophoresis on agarose gel (DNA grade, Progen) made in 1× Tris-Borate-EDTA (TBE) with the percentage of the gel dependent on the size of the DNA products to be detected. The size of DNA fragments was calculated by comparing their relative mobilities in agarose with DNA of a known size. The commercially available molecular weight marker used was pUC19 DNA. Table 1 summarizes the location of the oligonucleotide primers used to sequence or amplify FLT3. The location of these oligonucleotide primers was based on the FLT3 sequence published by Nakao et al. 6 All reagents were aliquoted using non-aerosol tips in order to reduce contamination. Reactions were prepared in 0.5 ml microcentrifuge tubes to a final volume of 25 μl. For amplification of DNA, reactions containing 1.25 ng DNA (10 μl), 2 ng/μl each of forward and reverse primers (0.5 μl), 0.2 mM dNTPs (2.5 μl), 1.5 mM MgCl2 (1.5 μl), Taq buffer (2.5 μl), Taq Gold polymerase (0.25 μl) made to the final volume with sterile Milli-Q water (7.25 μl) were prepared. DNA was amplified using a DNA Thermal Cycler (Eppendorf Mastercycler) with an initial 7 minutes denaturation step at 94ºC, followed by 35 cycles (1 minute) of denaturation, primer annealing (62 o C), and elongation (72ºC), finishing with a final extension at 72ºC for 7 minutes. Completed reactions were stored at 4ºC. The samples from the PCR product were purified and then submitted to the Institute of Medical and Veterinary Science sequencing facility, Molecular Pathology, for analysis on an automated sequencing system (a Perkin Elmer automated sequencer), which uses capillary electrophoresis system to separate the oligonucleotide products, and fluorescence was also monitored.
Relapse free survival (RFS) was measured from the date of complete remission (CR) to the date of relapse or else from the date of CR to the last follow-up date, if relapse had not occurred. Overall survival (OS) was measured from the date of diagnosis to the date of death, or else from the date of diagnosis to the last follow-up date if death had not occurred. All analyses were done using R, R Development Core Team (2007). R: A language and environment for statistical computing. R Foundation for statistical Computing, Vienna, Austria.
15 ISBN 3-900051-07-0, URL http://www.Rproject.org.
Result
This study attempted to determine the clinical response and prognosis of AML patients with and without FLT3/ITD. Twentyseven patients were evaluated for their initial response to therapy. There was a tendency for patients with FLT3/ITD not to achieve CR when compared to patients in the population without FLT3/ ITDs (7/10 vs. 15/17), [ Table 2 ]. A larger sample size may have led to a greater difference in remission rates. At a median followup period of 10 months in the group with ITDs, 3 of the 7 (43%) FAB classification, n (%)
Cytogenetic risk group, n (%) patients who had achieved CR had relapsed, whilst 8 out of 15 (53%) patients without ITDs had relapsed (p=0.6).
The median age of patients with FLT3/ITD was 62 years vs. 69 years in the group without the mutation. As shown in Table 2 , the mutation was more frequent in men than in women, with a 2:1 ratio.
The group with FLT3/ITD showed no statistically significant difference (p>0.05; Likelihood ratio test, 95% CI) in the current series with respect to RFS (Fig. 3A) and OS (Fig. 3B) , as compared to the group without the mutation. Details for the RFS and OS of the population with FLT3 mutations are shown in Table 4 . Since the heterogeneity of our AML population impacted our analysis, we also looked at the RFS and OS for the two largest sub-populations that could be distinguished within our dataset, i.e., patients with de novo AML (Fig. 3D) , and patients with an intermediate-risk karyotype. Although secondary AML showed shorter OS, this was not statistically significant (p=0.07; Likelihood ratio test, 95% CI), and neither in the group of patients with an intermediate cytogenetic risk and FLT3 mutation. Age is known to be an important prognostic factor, and thus the samples were divided into two groups according to age (Fig. 3C) . In both age groups (under 60 years and over 60 years), the difference with respect to OS was significant in univariate analysis (p=0.043; Likelihood ratio test, 95% CI). Other known potential confounders (i.e., WBC, FAB subtypes, cytogenetics, percentage of blasts at diagnosis) were also investigated and were all not found to be statistically significant with respect to OS (p>0.05; Likelihood ratio test, 95% CI).
Evaluation of prognostic factors including cytogenetics, age, WBC count at diagnosis, percentage of blasts at diagnosis, and secondary etiology of AML as covariates using multivariate analysis showed that the FLT3/ITD state is not an independent prognostic factor for OS or RFS. Ordinal χ 2 analysis showed that FLT3/ITD was not randomly distributed within cytogenetic subgroups (p<0.001). Of the 12 patients with FLT3/ITD, 10 (83%) had a normal karyotype ( Table 2 ). This was more than in the group without the mutation, where only 13 of 27 (48%) were cytogenetically normal (p=0.07). The mutation was most common in the normal karyotype group and in the t(15;17) favorable group (17%). In contrast, compared with the total cohort, FLT3/ITD was not found in patients with t(8;21), 11q23 translocations, -5, del(5q), -7, del(7q) and complex rearrangements. The mutation was also not detected in the 2 patients with inv (16)/ t(16;16) in our cohort.
FLT3/ITD was significantly more common in patients with de novo AML (75%) compared to patients with secondary AML (25%; p≤0.001), ( Table 2 ). The incidence of FLT3/ITD according to karyotype was ranked as follows: normal karyotype (83%) > t (15;17) [17%] > complex karyotype (0%).
In terms of the correlation between leukocyte count and FAB subgroups, it was observed that in 39 patients, the leukocyte count was higher in the group with the FLT3/ITD than in the group without the mutation (median WBC: 6.6 vs. 6.3), respectively. While the correlation with regards to the percentage of blasts at diagnosis showed that for 39 patients, the blast percentage count was higher in the FLT3/ITD group than in the group without the mutation (median blasts %: 72 vs. 35), respectively.
The correlation with FAB subtype was seen in 32 patients, in which FAB classification was available. Fifty percent of FLT3/ITD positive was M1 ( Table 2 ). The incidence of FLT3/ITD was ranked as follows: M1 (50%) > M3 (17%) > M2 (8%), M4 (8%), M5 (8%) > M0 (0%), M6 (0%), M7 (0%). No patient was positive for the ITD in M0, M6 or M7. However, patients with M6 or M7 were encountered only as small groups in the prospective study and thus no definite conclusion is possible for these subtypes.
Discussion
To date, over 20 studies in total comprising over 5000 patients have been published investigating the incidence and clinical implications of FLT3/ITDs in adult or pediatric AML. Many of the studies were retrospective studies using banked leukemia samples. Using stored samples, one would expect to induce a bias for samples with high WBC counts or BM cellularity. As most studies indicate FLT3/ITDs to be linked with high WBC counts, 7, [16] [17] [18] [19] [20] one expects the incidence rates to be somewhat over estimated, as illustrated in Table 2 . Incidence rates in the studies can also be influenced by source material (peripheral blood, BM or plasma DN), 21, 22 or the techniques used to amplify and detect the FLT3 mutations. Most of the studies were based on PCR amplification of genomic DNA or RNA, followed by simple agarose gel electrophoresis. 4, 6, 19 Whilst, others use a single strand conformation polymorphism analysis, 20 to detect mutations which may not be detected in the standard gel electrophoresis.
So far with regard to the incidence of FLT3/ITDs, several features are evident from the studies described in Table 5 . First, the incidence of FLT3/ITDs is increased in patients with FAB-M3 and patients with intermediate risk cytogenetics. On the other hand, the incidence is decreased in patients with t(8;21) or inv (16) , the socalled core binding factor (CBF) leukemias. Second, the incidence of the mutations in juvenile AML is reduced when compared to adult AML. However, 4 of the 6 studies involving juvenile AML have reported FLT3/ITD mutations to increase with age. 17, 18, 33, 34 This is in contrast to adult AML, where only one study reported an increasing incidence of FLT3/ITD with age. 2 Though FLT3 mutations are clearly more common in FAB-M3, they otherwise appear to be very evenly distributed over all other FAB classes. Nevertheless, some studies do report significant differences in the incidence within certain FAB classes. 2, 4, 34 However, as these studies indicate different FAB classes to be involved, they are most likely caused by biases in the sampled populations. Taken together from the data in Table 5 , the occurrence of FLT3/ITDs can be estimated to be around 20% in adult AML (30% for the intermediate risk population) and around 14% in childhood leukemia. The overall incidence of FLT3/ITD mutations in our study was 31% (12 out of 39), which is consistent with numbers reported by other groups. 6 This high incidence indicates that FLT3 is an important target of mutational activation in adult AML.
In determining the impact of FLT3/ITDs on patient prognosis from the 15 studies involving adult AML presented in Table 5 , two exclusively studied the impact of FLT3/ITDs in acute promyelocytic leukemia (APML) and both studies observed no effects of FLT3/ ITDs on patient prognosis. 8, 19 However, the numbers of these APML series were relatively small and thus the statistical power of these analyses was limited. Of the remaining 13 studies, 12 provided an analysis regarding the impact of FLT3/ITDs on OS. Seven of these studies observed a reduced OS in FLT3/ITD AML in general, whilst three others only found a reduced OS in patients with either a hemizygous deletion of the WT allele, 27 or patients with a high mutant/WT ratio. 28 The two remaining studies, which failed to detect any effect of FLT3/ITDs on OS, both involved an intensified conditioning regimen. 2, 7 It should be noted that while the median follow-up in the study by Boissel et al. is unknown, the study by Schnittger et al. only had a median follow-up of 11.1 months, which might have been too early to detect differences in OS. Differences might also be attributed to the assessment of FLT3/ITDs.
The major factor attributed to the lower survival of FLT3/ ITD AML appears to be the increased relapse rates. FLT3/ITD AML showed a reduction in the remission rate in only two studies involving adult AML. 23, 26 Only the study by Stirewalt et al. 20 specifically investigated the prognostic impact of FLT3/ITDs in elderly AML. Most other studies involved pediatric patients. This one study failed to detect an effect of FLT3/ITDs in elderly patients. However, the median OS for seven months in the older age population may have obscured a possible negative impact of these mutations in elderly patients.
The majority of the published studies so far indicate the presence of FLT3/ITDs to be a significant and independent predictor of an unfavorable clinical response. Yet, since many studies have focused on specific subgroups of AML patients and the duration of the follow-up is quite heterogeneous, it is difficult to directly compare the overall prognostic impact.
Comparison of FLT3/ITD data and the clinical and cytogenetic findings revealed that FLT3/ITD was associated with higher WBC count and higher numbers of BM blasts compared to patients without such mutation. As an interesting finding and in contrast to others, our data indicate that mutational FLT3 activation was increased in patients with AML FAB M1, among whom approximately 50% carried a mutated FLT3 gene. In contrast, FAB subtypes M2, M4 and M5 were less frequently associated with FLT3 activation, which is also in line with the expression patterns of this protein during normal hemopoietic differentiation. With respect to the cytogenetic data, ITD mutations were approximately 4 times more prevalent in patients with normal karyotype than in patients with cytogenetic alterations. Most patients with cytogenetic aberrations showed a low number of FLT3/ITD mutations.
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Conclusion
With an occurrence of around 20% in adult AML and 30% in the normal karyotype, FLT3-mutations are to date the most frequent genetic mutations observed in AML. Although the mechanism by which mutations in the FLT3 gene influence patient prognosis is unresolved, it is clear that AML with FLT3/ITDs represent a subset of leukaemia with a poor prognosis.
